247/250) 13 The discovery of integrative conjugative elements (ICEs) in wall-less mycoplasmas and the 14 demonstration of their role in massive gene flows within and across species has shed new 15 light on the evolution of these minimal bacteria. Of these, ICEA of the ruminant pathogen 16 Mycoplasma agalactiae represents a prototype and belongs to a new clade of the like superfamily that has no preferential insertion site and often occurs as multiple 18 chromosomal copies. Here, functional genomics and mating experiments were combined to 19 address ICEA functions and define the minimal ICEA chassis conferring conjugative 20 properties to M. agalactiae. Data further indicated a complex interaction among co-resident 21 ICEAs, since the minimal ICEA structure was influenced by the occurrence of additional ICEA 22 copies that can trans-complement conjugative-deficient ICEAs. However, this cooperative 23 2 behavior was limited to the CDS14 surface lipoprotein, which is constitutively expressed by 24 co-resident ICEAs, and did not extend to other ICEA proteins including the cis-acting DDE 25 recombinase and components of the mating channel whose expression was only sporadically 26 detected. Remarkably, conjugative-deficient mutants containing a single ICEA copy knocked-27 out in cds14 can be complemented by neighboring cells expressing CDS14. This result, 28 together with the conservation of CDS14 functions in closely related species, may suggest a 29 way for mycoplasma ICEs to extend their interaction outside of their chromosomal 30 environment. Overall, this study provides a first model of conjugative transfer in 31 mycoplasmas and offers valuable insights towards the understanding of horizontal gene 32 transfer in this highly adaptive and diverse group of minimal bacteria. 33 IMPORTANCE (150/150 words) 34 Integrative conjugative elements (ICEs) are self-transmissible mobile genetic elements that 35 are key mediators of horizontal gene flow in bacteria. Recently, a new category of ICEs has 36 been identified that confer conjugative properties to mycoplasmas, a highly adaptive and 37 diverse group of wall-less bacteria with reduced genomes. Unlike classical ICEs, these mobile 38 elements have no preferential insertion specificity and multiple mycoplasma ICE copies can 39 be found randomly integrated into the host chromosome. Here, the prototype ICE of 40 Mycoplasma agalactiae was used to define the minimal conjugative machinery and propose 41 the first model of ICE transfer in mycoplasmas. This model unveils the complex interactions 42
conjugative properties of these PG2 ICEA cells may be influenced by the chromosomal 140 position of the integrated ICEA is unknown. However, similar mating frequencies (4 to 5 141
x 10 -8 transconjugants/total CFUs) were observed for two PG2 transconjugants sharing the 142 same mutant ICEA (Fig. 2C, mutant 7) integrated at different chromosomal sites (genomic 143 positions 395291 and 433901). These results identified cdsE, cdsF, cdsH, and to a lesser 144 extend cds11, as dispensable for ICEA self-dissemination.
145
The minimal ICE chassis that confers conjugative properties to Mycoplasma agalactiae. As 146 shown above, mutant ICEs recovered in PG2 transconjugants displayed a biased distribution 147 of their mTn insertions ( Fig. 2A) . This raised the question of the representativity of the 5632 148 library and thus a PCR-based screening strategy for the direct identification of mutant ICEAs 149 in 5632 was developed: mTn insertions across the entire ICEA were searched by a series of 150 PCR assays using one primer matching each end of the mTn and one specific-ICEA primer 151 selected from a set of oligonucleotides spanning the whole ICEA region. Amplifications were 152 performed using pools of 96 individual mutants until one mTn insertion event per gene was 153 detected, and positive pools were further characterized down to the single-mutant level. For 154 each mutant, the mTn insertion was mapped by genomic DNA sequencing that also 155 confirmed the presence of a single mTn per chromosome. Finally, the distribution of mTn 156 insertions among the three ICEA copies of 5632 was determined by long-range PCR 157 amplifications using mTn specific primers and a panel of oligonucleotides that are 158 complementary to genomic DNA regions surrounding each ICEA copy. This strategy led us to 159 identify 35 unique mutants (Table S2 ) among the three ICEA copies of 5632 (ICEA-I 29%;
160 throughout the entire ICEA locus with the exception of several genes all characterized by a 162 small size ranging from 0.20 to 0.65 kb (cds12, cdsB, cdsD, cds13, cds27 and cds36) . These 163 findings indicate that the particular set of mutant ICEAs selected above in PG2 cannot be 164 simply explained by a poor representativity of the 5632 mutant library. 165 The 51 mutant ICEAs identified in 5632, either by PCR screening or by mating experiments, 166 are illustrated in Figure 2B . Out of 35 mutant ICEAs identified by PCR, 24 did not correspond 167 to detectable PG2 transconjugants previously obtained (compare Fig. 2A and 2B) suggesting 168 that these mutant ICEAs have lost their capacity to disseminate from 5632 to PG2. This was 169 confirmed by mating using individually each of these 5632 mutants as ICEA donor (Fig. 2D ) 170 and by further analyses of their progeny. Results showed that when transconjugants were 171 obtained all displayed the 5632 genomic backbone of the mutant and correspond to 5632 172 having acquired the second PG2 antibiotic marker upon CTs. This was true for all but for 173 5632 mutant 23 (mTn inserted in ncr19/E with no influence on conjugation) that was used as 174 a positive control for ICEA transfer and generated up to 97% of PG2 transconjugants (Fig. 2D , 175 mutant 23).
176
Overall, these results indicate that ICEA transfer can be abrogated or strongly affected by 177 disrupting the genes encoding CDSs 1, A, C, 5, 7, 15, 16, 17, 19, 30, G or 22 in 5632 (Fig. 2B) .
178
Unlike cds14 knock-out ICEAs, the conjugative properties of these mutant ICEAs cannot be 179 restored by co-resident ICEA copies. Finally, ICEA transfer was also abrogated by mTn 180 insertion in ncrD/5 and ncr16/27 ( Fig. 2B unable to disseminate from 5632 to PG2 ( Fig. 2 and Table S2 ). Several of these mutant ICEAs 219 were knocked-out in genes whose products were not detected by proteomics (see below) 220 raising the question of whether the level of gene expression in co-resident ICEAs can 221 influence their cooperative behavior. To address this issue, complementation studies were 222 performed using plasmid DNA constructs expressing either CDS5 or CDS22, two proteins 223 suspected to be involved in very distinct steps of ICE transfer.
224
While cds5 knock-out ICEAs have lost their capacity to disseminate from 5632 to PG2 ( Because MICEs, such as ICEA, are often found in multiple copies, this study points toward 289 their complex interplay in the mycoplasma host-environment.
290
The functional ICEA backbone 291 The minimal ICEA chassis conferring conjugative properties to M. agalactiae was identified 292 by random transposon mutagenesis. Of the 23 genes reported in ICEA, 17 were found 293 disrupted by the insertion of a mTn and 13 were found essential for self-dissemination, since 294 a single mTn insertion in any of these regions abrogated the conjugative properties of M. 295 agalactiae. These data point towards the minimal ICEA machinery being composed of (i) a 296 cluster of 7 proteins with predicted transmembrane domains that most likely represents a 297 module associated with the conjugative channel (CDS5 to CDS19), (ii) a surface exposed and cdsH. These accessory functions are all encoded within a 6.4-kb ICEA region spanning 320 cdsE to cdsH, with the exception of cds11 that belongs to a cluster of 6 genes (cdsA to cdsD) 321 located upstream the putative channel module (Fig. 1) . Although dispensable, an important reduction of the mating frequency was observed for several mutants having a mTn inserted 323 in these ICEA regions (Fig. 2C ). For PG2 T [ICEA cds11::mTn] G 7 ( Fig. 2A, mutant The results generated in the present study were combined with current knowledge to 372 propose the first working model of horizontal ICE dissemination in mycoplasmas, including 373 cooperation among co-resident ICEs (Fig. 4) . These data, together with the large collection of 374 ICEA-mutants generated in this study, pave the way for future studies aiming at deciphering 375 ICE-mediated CTs within and among mycoplasma species. These simple organisms also 376 provide a valuable experimental frame to decipher the mechanisms of DNA exchange in 377 more complex bacteria when associated with this new category of mobile elements.
378

MATERIALS AND METHODS
379
Mycoplasmas and culture conditions. M. agalactiae strains PG2 and 5632 have been counts on solid media after 4 to 7 days of incubation at 37° C, using a binocular stereoscopic 390 microscope (19).
Transposon mutagenesis and genetic tagging of mycoplasmas with antibiotic markers.
A 392 similar approach was used for transposon mutagenesis and genetic tagging of M. agalactiae.
393
Selective antibiotic markers were introduced randomly in the mycoplasma genome as 394 previously described by transforming mycoplasma cultures with the plasmid pMT85 or its 395 derivatives (7, 19, 24) . The pMT85 carries a mini-transposon (mTn) derived from the 396 gentamicin resistance Tn4001. The transposase gene (tnpA) is located outside of the mTn to 397 prevent re-excision events once it is inserted in the host chromosome (19). Two derivatives, 398 pMT85-Tet and pMT85-Pur, were constructed as previously described by replacing the 399 gentamicin resistance gene with a tetracycline or a puromycin resistance marker, 400 respectively (7).
401
PCR-based screening of mycoplasma mutant library. A set of 19 oligonucleotides spanning 402 the whole ICEA region (Table S5) (Table S5) . (Table S5) . transconjugants was confirmed by using specific oligonucleotides (Table S5 ). The nature of 431 the genetic backbone was addressed by using a set of primers pairs that covers the M. 432 agalactiae genome and produces PCR fragments specific to 5632 or PG2 (Table S5 ), as 433 previously described (7, 12) .
434
DNA constructs for protein expression in mycoplasmas. Protein expression in M. agalactiae 435 was performed as previously described by using the plasmid p20-1miniO/T (designated in 436 the present study as pO/T) (19, 25) . Briefly, mycoplasma coding sequences were cloned downstream of the lipoprotein P40 gene (MAG2410) promoter region. These two regions 438 were assembled by PCR amplification using overlapping primers ( Table S5 . Oligonucleotides used in the present study. constructions. We also thank Philippe Giammarinaro for his help in producing the anti-P80 475 sheep serum, as well as Emilie Houssin and Abdel Touré for excellent technical assistance.
476
Finally, we also thank Oscar Q Pich and Sergi Torres-Puig for helpful discussions. involving strain 5632 as ICE donor and strain PG2 as ICE recipient cells (7, 12) (A). One of the 589 three chromosomal ICEA copies of 5632 is transferred to PG2 and integrates randomly in the 590 recipient genome (ICEA transfer). ICEA self-dissemination is associated with a second 591 mechanism of gene exchange that occurs in the opposite direction from the recipient to the 592 donor cells and involves large chromosomal DNA movements (Chromosomal transfer). ICEA 593 transfer confers conjugative properties to the PG2 recipient cells (7). The 23 genes identified 594 in ICEA are represented with their respective orientation and approximate nucleotide size 595 genes encoding predicted surface lipoproteins or proteins with putative transmembrane 597 domains are in black and grey, respectively. Hypothetical functions were deduced from 598 putative conserved domains found in several ICEA products (Table S1 ).
599
FIG 2. Functional analysis of mutant ICEAs in the 5632 and PG2 genetic backgrounds. 600 Schematic illustrating the 51 mutant ICEAs generated by transposon mutagenesis in M. 601 agalactiae strain 5632 (B) and the mutant ICEAs selected in PG2 upon mating with 5632 (A).
602
Individual mutant ICEAs are designated by their reference number together with the position 603 of the mTn insertion (Table S2 ). The genes with no mTn insertion are indicated in white. ICEA Table S3 ). Donor cells were mated with a pool of 5 ICEA-negative PG2 clones 609 encoding resistance to puromycin (mating PG2 ICEA x PG2) or tetracycline (mating 5632 x 610 PG2). Dual-resistant colonies were selected by using a combination of gentamicin and 611 puromycin (mating PG2 ICEA x PG2), or gentamicin and tetracycline (mating 5632 x PG2). For 612 matings PG2 ICEA x PG2 (C), the data represent means of at least three independent assays 613 with the exception of mutant ICEA number 23 (9 independent assays). Since mutant ICEAs 614 can be found integrated at different genomic positions, two PG2 ICEA transconjugants were 615 used for mutant ICEA number 7 (ICEA at genomic position 395291 and 433901). Standard (Table   634 S2) and ICEA products detected by proteomics (Table S4) ICEAs is the CDS14 lipoprotein that is surface exposed and plays a critical role in initiating the 640 conjugative process (1). When ICEA gene expression is induced, by specific cellular 641 conditions or stochastically, the cis-acting DDE transposase is produced and one of the three ICEA copies excises from the chromosome and forms a circular dsDNA molecule (2). ICEA 643 circularization induces the expression of the conjugative module, whose products assemble FIG 1. ICEA mediated horizontal gene transfers (HGT) in M. agalactiae. Schematic illustrating the two mechanisms of gene exchanges occurring upon mating experiments involving strain 5632 as ICE donor and strain PG2 as ICE recipient cells (7, 12) (A). One of the three chromosomal ICEA copies of 5632 is transferred to PG2 and integrates randomly in the recipient genome (ICEA transfer). ICEA self-dissemination is associated with a second mechanism of gene exchange that occurs in the opposite direction from the recipient to the donor cells and involves large chromosomal DNA movements (Chromosomal transfer). ICEA transfer confers conjugative properties to the PG2 recipient cells (7). The 23 genes identified in ICEA are represented with their respective orientation and approximate nucleotide size (B). The two inverted repeats (IR) flanking the ICEA are represented by black diamonds. The genes encoding predicted surface lipoproteins or proteins with putative transmembrane domains are in black and grey, respectively. Hypothetical functions were deduced from putative conserved domains found in several ICEA products (Table S1 ).
